Astrocytes constitute the most abundant cell type in the central nervous system (CNS) and play diverse functional roles, but the ontogenetic origins of this phenotypic diversity are poorly understood. We have investigated whether positional identity, a fundamental organizing principle governing the generation of neuronal subtype diversity, is also relevant to astrocyte diversification. We identified three positionally distinct subtypes of white-matter astrocytes (WMA) in the spinal cord, which can be distinguished by the combinatorial expression of Reelin and Slit1. These astrocyte subtypes derive from progenitor domains expressing the homeodomain transcription factors Pax6 and Nkx6.1, respectively. Loss-and gain-of-function experiments indicate that the positional identity of these astrocyte subtypes is controlled by Pax6 and Nkx6.1 in a combinatorial manner. Thus, positional identity is an organizing principle underlying astrocyte, as well as neuronal, subtype diversification and is controlled by a homeodomain transcriptional code whose elements are reutilized following the specification of neuronal identity earlier in development.
INTRODUCTION
A central problem in neural development is to elucidate the mechanisms that control the ontogenetic diversification of neuronal and glial subtypes in the central nervous system (CNS). In the last decade, positional identity has emerged as one of the fundamental organizing principles governing neuronal subtype diversification. In the ventral spinal cord, for example, molecularly distinct subtypes of motoneurons (MNs) and interneurons (INs) are generated from spatially segregated domains of progenitor cells, arranged along the dorsoventral axis of the ventricular zone (VZ) (Burrill et al., 1997; Ericson et al., 1997; Briscoe et al., 1999) . These progenitor domains are generated by a combinatorial code of homeodomain (HD) transcription factors, whose expression patterns are initially established by graded morphogen signaling, and further refined by crossrepressive interactions (Briscoe et al., 2000; Goulding and Lamar, 2000; Jessell, 2000; McMahon, 2000) .
While astrocytes are the most abundant cell type in the CNS, play varied functional roles (reviewed in Fields and Stevens-Graham, 2002; Ullian et al., 2004) and exhibit phenotypic heterogeneity (see below), there has been relatively little consideration of positional identity as an organizing feature of astrocyte diversity or of positional specification as a mechanism underlying astrocyte diversification. The existence of different subtypes of astrocytes, such as fibrous and protoplasmic, has long been recognized based on morphologic (Vaughn and Pease, 1967; Mori and Leblond, 1969) and antigenic Raff, 1989) criteria. However, these subtypes are thought to spatially segregate primarily according to their location in either gray or white matter . It has been speculated that spinal cord astrocytes may exhibit regional distinctions, based on studies of astrocyte phenotypes in vitro (reviewed in Miller et al., 1994) , but whether such phenotypes are positionally distinct in vivo or established by positional specification mechanisms was not established. Morphologically distinct astrocyte subtypes have been identified in different layers of the olfactory bulb (Bailey and Shipley, 1993) , and astrocytes with different electrophysiological properties have been described in hippocampal areas CA1 and CA3 (D'Ambrosio et al., 1998) . However, with few molecular markers to differentiate these subtypes in vivo (Sharif et al., 2004) , it has been difficult to study their ontogeny, phenotypic stability, and function.
There is some evidence for positional heterogeneity among astrocyte precursors in the spinal cord. The bHLH transcription factor SCL is specifically expressed in the p2 progenitor domain (Briscoe et al., 2000) and is required for generic aspects of astrocyte differentiation within this domain (Muroyama et al., 2005) . However, these data did not provide evidence that differentiated p2-derived astrocytes are phenotypically distinct from those derived from other progenitor domains. Expression of FGFR3 is initially restricted to p2-derived astrocyte precursors (Pringle et al., 2003) but later expands to astrocytes at other positions along the dorsoventral axis . The expression of several patterning molecules controlling neuronal identity is maintained in the VZ, during the transition from the neurogenic to the gliogenic phase of development (Fu et al., 2003; Ogawa et al., 2005; Deneen et al., 2006; Sugimori et al., 2007) , and it has been speculated that this may indicate the existence of positionally distinct astrocyte subtypes (Ogawa et al., 2005) . However, no evidence has been presented for the existence of such subtypes in the white matter.
Here we identify three positional distinct subpopulations of white-matter astrocytes (WMAs) in the ventral spinal cord, and characterize a homeodomain code that is required for their specification in the ventricular zone. Our data indicate that positional identity is an organizing feature of astrocyte, as well as neuronal, diversity in the CNS and is controlled by similar molecular mechanisms. (Gabay et al., 2003; Mukouyama et al., 2006 ) (see Experimental Procedures) identified Reelin and Slit1 mRNAs as upregulated in Olig2 À/À cells, suggesting that they might be expressed by astrocyte progenitors. In situ hybridization to embryonic day 18.5 (E18.5) spinal cord sections indicated that Reelin and Slit1 mRNAs are expressed by a subset of cells at the margins of the white matter ( Figures 1A and 1F , arrows). To confirm that Reelin and Slit1 are expressed by WMAs, we performed double-labeling studies using the generic astrocyte markers GFAP, a glial-specific intermediate filament, or NFIA, a nuclear protein expressed in differentiated astrocytes and their precursors , together with antibodies to Reelin or to GFP in a Slit1-GFP reporter mouse (Plump et al., 2002) . In the white matter of E18.5 spinal cord, both Reelin and Slit1 were expressed by astrocytes ( Figures 1B-1E and 1G-1J, arrowheads), but not by Olig2 + oligodendrocytes (data not shown). Both Reelin and Slit1 were also expressed by neurons in the gray matter, as previously reported (Holmes et al., 1998; Brose et al., 1999; Kubasak et al., 2004; Yip et al., 2004a) . The morphology of both Reelin + and Slit1 + white-matter cells is characteristic of WMAs (Liuzzi and Miller, 1987) , with NFIA + nuclei localized at the subpial surface ( Figures 1E and 1J , arrowheads) and radially oriented GFAP + processes projecting inward (Figures 1C and 1H, arrowheads ; see also Figure S1 ).
RESULTS
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Unexpectedly, we found that Reelin and Slit1 were not expressed by all astrocytes, but rather by positionally distinct subsets in the ventral white matter. Reelin was expressed in the dorsolateral and ventrolateral white matter, but not in astrocytes close to the ventral midline (Figures 1A and 1B; arrow and arrowhead, respectively) . Slit1, conversely, was expressed in astrocytes in the ventromedial and ventrolateral white matter, but not in the dorsolateral white matter (Figures 1F and 1G; arrow and arrowhead, respectively Figure 1K ). For convenience, we refer to these subpopulations henceforth as ventral astrocyte subtypes 1, 2, and 3 (VA1, VA2, and VA3, respectively; Figures 1K and 1P). Quantification indicated that each of these three subpopulations is present in roughly equal numbers ( Figure 1L ). In principle, VA1-VA3 phenotypes could be established after astrocyte precursors migrate to the WM, under the influence of local environmental cues, or could be specified by positional mechanisms prior to emigration from the VZ. As a first step toward addressing this question, we asked whether Reelin and Slit1 were expressed by positionally distinct subsets of astrocyte precursors within the neuroepithelium. Examination of spinal cord sections at E13.5, a stage when most astrocyte precursors have been specified in the ventral VZ (Shibata et al., 1997; Ogawa et al., 2005; Deneen et al., 2006) , revealed that Reelin and Slit1 are expressed in cells within the germinal layer. Triple labeling for Reelin, Slit1-GFP, and NFIA indicated that Reelin and Slit1 are expressed by NFIA + glial precursors ( Figures 1M and 1N , arrowheads) and that the domains of their expression partially overlap ( Figure 1O ). This partial overlap subdivides the ventral-most VZ into three domains: a dorsal-most Reelin + , Slit1 À domain; a more ventral Reelin + , Slit1 + domain; and a ventro-medial Reelin À , Slit1 + domain ( Figure 1O ). The spatial organization of these progenitor domains, which we refer to as pA1, pA2, and pA3, respectively, therefore mirrors that of the VA1, VA2, and VA3 domains in the WM ( Figure 1P ). should be Pax6 + , and this was indeed the case ( Figure 2H [arrow versus arrowhead] and 2L). Pax6 was excluded from the ventromedial domain of Slit1 expression ( Figure 2G ), corresponding to the VA3 subset. In the VZ at E13.5, triple labeling for Pax6, Reelin, and Slit1 indicated that the spatial relationship between expression of the HD factor and the two astrocyte markers was similar to that observed in the white matter at E18.5: Pax6 overlapped with all of the Reelin-expressing progenitors (Figure 2I) and a subset of the Slit1-expressing progenitors ( Figure 2J ). To investigate whether Pax6 + cells in the VZ are precursors of Pax6 + WMAs, we pulse-labeled embryos at E13.5 with BrdU, and chased to E15.5 or E18.5. We observed a progressive shift in the distribution of both total Pax6 + cells, and of BrdU-labeled Pax6 + cells, from the VZ to the mantle zone (MZ) to the WM, during the chase period ( Figure S2J and S2K). The proportion of Pax6 + cells in the WM increased $2.5-fold from E15.5 to E18.5, and this increase could be quantitatively accounted for by assuming that, during the same interval, Pax6 + cells in the VZ migrate to the MZ, and from the MZ to the WM (see Figure S2 and its corresponding legend). The most parsimonious interpretation of these data is that at least some Pax6 + cells in the E13.5 VZ are precursors of Pax6 + WMAs.
Pax6 Is Required for Reelin Expression in Astrocytes
Pax6 has been shown to control the positional identity of a subset of INs in the ventral spinal cord (Burrill et al., 1997; Ericson et al., 1997) . We therefore asked whether it might also play a role in the determination of astrocyte positional identity. Pax6 lacZ/lacZ homozygous mutants (St-Onge et al., 1997) exhibited a striking reduction in Reelin mRNA expression in the ventro-lateral white matter at E18.5, while expression in the gray matter appeared only modestly reduced (Figures 3A and 3B, versus 3E and 3F;  arrows versus arrowheads, respectively). Immunostaining confirmed a loss of Reelin expression in GFAP + and NFIA + astrocytes (Figures 3C and 3D versus 3G and 3H; arrows versus arrowheads) . Quantification indicated a strong and statistically significant reduction in both the percentage ( Figure 3I ) and absolute number ( Figure 3J ) of Reelin + astrocytes, using either GFAP or NFIA as counterstains. We detected no reduction in the total number of astrocytes in the spinal cord of E18.5 Pax6 mutant embryos ( Figure 3J , GFAP + and NFIA + ), consistent with an earlier analysis using GLAST as a generic astrocyte marker (Ogawa et al., 2005) . Since Reelin ). Taken together, these data indicate that Pax6 is required for the expression of Reelin in VA1 and VA2 astrocytes, but not for their generic differentiation to astrocytes, migration to the white matter or survival.
Dorsal Expansion of Astrocytic Slit1 Expression in the Absence of Pax6
The foregoing analysis left open the question of whether the loss of Pax6 function simply caused a failure of Reelin expression by astrocytes, or rather a change in the positional identity of VA1 astrocytes. In the latter case, one might expect that presumptive VA1 astrocytes would acquire a Slit1 + phenotype.
Due to a lack of adequate antibodies to Slit1, we intercrossed the Pax6-lacZ mice with Slit1-GFP mice, and analyzed the expression of Slit1-GFP in Pax6 mutants (Slit GFP/+ ; Pax6 lacZ/lacZ ).
In Pax6 mutant embryos, there was a significant increase in the percentage of GFAP + or NFIA + astrocytes that expressed Slit1-GFP ( Figure 3Q , red bars). Moreover, the spatial domain of Slit1-GFP expression appeared to expand dorsally in the mutant (Figures 3K-3M versus 3N-3P; arrows). Most importantly, the percentage of Pax6 + astrocytes that expressed Slit1 increased from approximately 50%-60% in wild-type embryos to virtually 100% in the mutant ( Figure 3Q , Slit1 + /Pax6 + or b-gal + ), reflecting the acquisition of Slit1 expression by dorsal Pax6-b-gal + cells (Figures 3M and 3P, arrows) . Taken together, these data indicate that in the absence of Pax6 function, not only is Reelin expression lost, but Slit1 expression is derepressed, in VA1-type astrocytes ( Figure 3R ). This suggests that loss of Pax6 causes a ventralization of the VA1 domain, such that supernumerary VA3 astrocytes are now found in a more dorsal, ectopic location, analogous to the phenotypes of other spinal cord patterning mutations that change the number and distribution of interneuron subtypes (Jessell, 2000; Shirasaki and Pfaff, 2002 Figure 2I) ; we also asked whether misexpression of Pax6 could promote a ventral expansion of the domain of Reelin expression in this germinal layer. We therefore examined embryos at E5, a stage at which ventral VZ progenitors are specified for a glial fate (Shibata et al., 1997; Deneen et al., 2006) . Pax6 misexpression indeed promoted a ventral expansion of Reelin expression within the VZ ( Figure S4C [arrow] and S4M). Importantly, a similar result was obtained when electroporation was performed at E4.5, by which time neurogenesis has largely ceased in the ventral region of the VZ (Figure S4I [arrow] and S4M). This ventral expansion of Reelin expression occurred in NFIA + cells ( Figures S4B and S4H , arrows), which are likely glial precursors . The fact that this phenotype can be observed in embryos electroporated after ventral neurogenesis has terminated suggests a direct role for Pax6 to control Reelin expression in glial precursors, rather than an indirect role mediated by earlier effects on neuronal precursors. In support of this conclusion, we were able to observe changes in Reelin expression, caused misexpression of Pax6, at axial levels where there was no change in the number or distribution of ventral interneuron subtypes whose development is Pax6 dependent (Burrill et al., 1997; Ericson et al., 1997; Osumi et al., 1997) One candidate for the latter activity is Nkx6.1, an HD transcription factor expressed in the ventral VZ at both neurogenic and gliogenic (Fu et al., 2003) stages. Expression of Nkx6.1 partially overlaps that of Pax6 in the p2 and pMN domains while the more dorsal p0 and p1 domains express Pax6 but not Nkx6.1 (Briscoe et al., 2000; Jessell, 2000; Briscoe and Ericson, 2001 ). We therefore investigated the possibility that expression of Slit1 in WMAs is under the control of Nkx6.1. We first compared the expression of Nkx6.1 and Slit1 in E18.5 spinal cord WMAs. Triple labeling for GFAP, Nkx6.1, and Slit1-GFP revealed that Nkx6.1 is expressed in WMAs ( Figure 5A -5C, arrows), and that the dorso-ventral domain of its expression is approximately coextensive with that of Slit1 ( Figure 5A , 5B, and 5D). Quantification indicated that >90% of Slit1 + WMAs are Nkx6.1 + ( Figure 5J , green bar In addition to their coexpression in the white matter, Nkx6.1 and Slit1 are coexpressed in the VZ, where the dorsal boundaries of their expression domains are coextensive ( Figure 5K ). Triple labeling for Pax6, Nkx6.1, and Slit1-GFP indicated that the domain of Pax6 expression that overlaps that of Slit1 ( Figure 5M , pA2) also overlaps that of Nkx6.1 ( Figure 5L, pA2) . Taken together, these data suggest that Nkx6.1 is expressed by the VA3 (Pax6 À ) and VA2 (Pax6 + ) astrocyte subpopulations, and by their presumptive precursors (pA3 and pA2, respectively) but not by the VA1 astrocytes ( Figure 5N ).
Misexpression of Nkx6.1 Promotes Expression of Slit1 in WMAs
We wished to examine whether the expression of Nkx6.1 in Slit1 + astrocytes reflects a functional role for this HD protein in the specification of astrocyte identity. As an initial step, we tested the prediction that misexpression of Nkx6.1 would promote an upregulation of Slit1 in dorso-lateral (VA1) astrocytes. Indeed, electroporation of Nkx6.1 in chick embryos using an RCAS (B) retroviral construct resulted in a clear induction of Slit1 expression in the white matter on the electroporated side (Figures 6G and 6H versus 6I and 6J, WM; Figure 6QQ, Slit1) . Colabeling for NFIA confirmed that this upregulation occurred in astrocytes (Figures 6P and 6V, arrow) . Expression of Reelin was unaffected by misexpression of Nkx6.1 (Figures 6Y, 6BB , and 6QQ; Reelin). Induction of Slit1 was particularly evident in more dorso-lateral regions of the spinal cord, where Slit1 À VA1
astrocytes are normally located ( Figures 6I, 6J , 6O, 6P, 6U, and 6V, arrow). This phenotypic effect of Nkx6.1 misexpression was observed not only at brachial but also at lumbar axial levels ( Figure S7 ), a location where such manipulations have no effect on the differentiation of V0-V2 interneurons (Briscoe et al., 2000) . Nkx6.1 misexpression also promoted a dorsal expansion of Slit1 expression within the VZ at E5 (data not shown). Thus, this HD factor can positively regulate the positional boundaries of Slit1 expression, both in differentiated WMAs and also in astrocytic precursors within the germinal layer of the spinal cord.
The observation that Nkx6.1 positively regulates Slit1 expression, taken together with the fact that VA2 astrocytes coexpress both Nkx6.1 and Pax6, suggested that the reason Pax6 does not repress Slit1 in VA2, as it does in VA1, astrocytes is because Nkx6.1 overrides its repressive activity toward Slit1. To test this hypothesis, we asked whether coelectroporation of both Nkx6.1 and Pax6 would block the latter factor's ability to repress Slit1 expression in WMAs. In embryos misexpressing both Pax6 and Nkx6.1, not only did Pax6 fail to repress Slit1, but it also did not diminish the effect of Nkx6.1 to upregulate Slit1 expression ( Figure 6H versus 6L, WM; Figure 6RR , Slit1). Interestingly, while Nkx6.1 overrode the ability of Pax6 to repress Slit1, it did not interfere with the activity of Pax6 to upregulate Reelin expression ( Figure 6Z versus 6DD WM; Figure 6RR , Reelin).
Finally, we investigated whether the repression of Slit1 by Pax6 in VA1 astrocytes was mediated via repression of Nkx6.1. Examination of Pax6 lacZ/lacZ ; Slit1 eGFP/+ embryos indicated that the dorsal derepression of Slit1-GFP (Figure 3) was not accompanied by a derepression of Nkx6.1 ( Figures S8B and S8E , arrows; Figure S8G ). Thus, the derepression of Slit1 in VA1 astrocytes caused by mutation of Pax6 is Nkx6.1 independent. Examination of Nkx6.2, a related HD protein (Vallstedt et al., 2001) , indicated that it is not expressed in the VZ or in WMAs at these gliogenic stages, in either wild-type or Pax6 mutant embryos ( Figures  S5I-S5L ) (data not shown). These data suggest that the Pax6-dependent repression of Slit1 in wild-type VA1 astrocytes is not mediated via repression of Nkx6.1, but by another mechanism.
DISCUSSION
We have demonstrated that the ventral spinal cord white matter contains at least three positionally distinct astrocyte subtypes in vivo, which can be identified by the combinatorial expression of the guidance molecules Reelin and Slit1. These distinct positional identities are specified by the HD transcription factors Pax6 and Nkx6.1, in a combinatorial manner. Thus, positional identity is an organizing feature of WMA diversity and is specified by a HD code, whose elements are reutilized following their role in the specification of neuronal identity ( Figure 7A ). 
Astrocytes in the Spinal Cord White Matter Exhibit Distinct Positional Identities
The recognition that positional differences underlie neuronal subtype diversity has aided both the identification and functional characterization of different neuronal subpopulations, as well as analysis of the developmental mechanisms that control their generation (Jessell, 2000; Briscoe and Ericson, 2001; Shirasaki and Pfaff, 2002 ). Here we provide evidence for molecular differences in the positional identities of WMA subpopulations within a specific region of the CNS. Previous studies have reported differences in the expression of markers such as ephrin-B1 and BLBP, by radial glial precursor cells at different locations along the dorsoventral axis of the VZ (Ogawa et al., 2005) . However, these differences are not maintained by differentiated WMAs. The transcription factor SCL was shown to control generic aspects of astrocyte differentiation, in a position-specific manner (Muroyama et al., 2005) , but no evidence was provided for any role in controlling position-specific phenotypic properties of WMAs. The functional significance of the VA1-VA3 astrocyte subpopulations revealed by our studies is not yet clear. Reelin and Slit1 are secreted molecules involved in cell migration (Rice and Curran, 2001 ) and axon guidance (Brose et al., 1999; Plump et al., 2002) , respectively. Slits in particular are expressed by astrocytic glia in the floorplate, a midline structure (Holmes et al., 1998; Brose et al., 1999; reviewed in Lemke, 2001) . The combinatorial expression of these molecules by subsets of WMAs therefore suggests a potential role for this heterogeneity in guiding axonal trajectory and/or cell migration (Powell et al., 1997) . Interestingly, Reelin is expressed not only by VA1 and VA2 astrocytes, but also by V1 and V2 interneurons (Yip et al., 2004b) . The dorsal restriction of Reelin expression is thought to be important in guiding the migration of sympathetic preganglionic motoneurons, within the spinal cord (Yip et al., 2004b (Yip et al., , 2007 . Perhaps the expression of Reelin by VA1 and VA2 astrocytes contributes to this guidance process. In addition to their role in axon guidance, astrocytes are important for enhancing synapse formation and synaptic efficacy (Pfrieger and Barres, 1997; Ullian et al., 2001 Ullian et al., , 2004 . Perhaps astrocytes derived from a particular progenitor domain preferentially enhance synapse formation by neuronal subtypes derived from the same progenitor domain. Nkx2.2 may also participate in this code by repressing Reelin in pA3 VZ precursors ( Figure S5 ) via repression of Pax6 (Briscoe et al., 1999) , an activity that Nkx6.1 lacks (Briscoe et al., 2000) . Consistent with this, misexpression of Nkx2.2 strongly repressed Reelin and upregulated Slit1 in the VZ at E5 (data not shown). However Nkx2.2, unlike Nkx6.1, is not expressed in differentiated Slit1 + WMAs ( Figure S6 ), but rather in oligodendrocytes (Qi et al., 2001; Zhou et al., 2001) . Therefore, the maintenance of Slit1 expression in VA3 WMAs is more likely to involve Nkx6.1.
Our data suggest that the coexpression of Slit1 and Reelin in VA2 astrocytes reflects a role for Nkx6.1 to override repression of Slit1 by Pax6, without interfering with its activation of Reelin. Consistent with this view, Nkx6.1 is able to prevent repression of Slit1 by Pax6 in coelectroporation experiments, while permitting Pax6 enhancement of Reelin expression ( Figure 6RR ). Since Nkx6.1 can act either as an activator or as a repressor, depending on context (Taylor et al., 2005) , it could either directly activate Slit1 transcription in VA2 precursors, or do so indirectly, by (RR) Bars represent mean ± SEM from the E side only. The data from embryos electroporated with Pax6 alone (blue bars) or Nkx6.1 alone (orange bars) are reproduced from Figures 4CC and 6QQ , respectively, and included for comparative purposes. The percentage of Slit1+NFIA+ cells in embryos misexpressing both Nkx6.1 and Pax6 is significantly higher than in GFP controls (Slit1, ***, p < .001) and is similar to that in embryos expressing Nkx6.1 alone (QQ). n = 4 embryos per condition, two independent experiments. repressing an as-yet-unidentified repressor ( Figure 7B ). The latter model seems more likely, because in Pax6 mutants, Slit1 is derepressed in Pax6-lacZ + VA1 astrocytes without derepression of Nkx6.1 ( Figure S9) . Thus, Nkx6.1 is not essential for Slit1 derepression in the absence of Pax6 function. This in turn suggests that, in wild-type embryos, the absence of Slit1 in VA1 astrocytes reflects either direct repression of Slit1 by Pax6, or else a Pax6-dependent Slit1 repressor. We favor the latter explanation, because in the former case, one might expect that Slit1 expression would only occur in ventral astrocytes lacking Pax6, and this is not observed (Figures 5I and 5J ). We suggest that in VA2 astrocytes, Nkx6.1 may repress a Pax6-dependent repressor of Slit1 ( Figure 7B, VA2) . A similar layered-repression model has been proposed to explain the role of Nkx6.1 in controlling IN identity (Vallstedt et al., 2001) . Interestingly, it has recently been shown that Nkx6.1 dominantly antagonizes the activation of glucagon transcription by Pax6 in pancreatic a cells, via competition for binding to common promoter elements (Gauthier et al., 2007) . A similar antagonism may allow coexpression of Pax6 and Slit1 in VA2 astrocytes expressing Nkx6.1.
Timing and Location of HD Influences on Astrocyte Positional Identity
The genetic evidence supporting a role for Pax6 and Nkx6.1 in specifying astrocyte identity leaves open the question of when and where these HD factors act. Several lines of evidence suggest that astrocyte positional identity is initially specified within the VZ. First, Pax6 and Reelin are coexpressed within the VZ in NFIA + glial progenitor cells, as are Nkx6.1 and Slit1. With the exception of the Olig2 + domain, therefore, there is continuity in the coexpression of these HD and guidance molecules from the germinal layer to the white matter, an interpretation supported by BrdU pulse-chase experiments ( Figure S2 ). Second, in embryos electroporated with Pax6 at E2, ventral expansion of Reelin expression is detected in NF1A + glial progenitors in the VZ at E5-E6 ( Figure S4 ). Importantly, a similar result is obtained when electroporation is performed at E4.5 ( Figure S4 ), by which stage ventral neurogenesis has ended . This latter result argues that the effect of Pax6 on Reelin is unlikely to be due to indirect effects on neuronal identity specification at earlier stages. In support of this conclusion, loss-and gain-of-function manipulations of these HD factors cause changes in astrocytic expression of Reelin and Slit1 at positions along the rostrocaudal axis where similar manipulations do not cause changes in the number or distribution of ventral IN subtypes (data not shown) (Burrill et al., 1997; Ericson et al., 1997; Osumi et al., 1997; Takahashi and Osumi, 2002; Novitch et al., 2003) . Taken together, these data support the idea that astrocyte positional identity is specified within the germinal layer, prior to emigration of astrocyte precursors into the gray matter. Importantly, however, the continued expression of Pax6 and Nkx6.1 in WMAs raises the possibility that these proteins play a role in the maintenance of astrocyte positional identity as well as in its initial specification ( Figure 7A ). The data presented here provide evidence that positional identity is an organizing principle underlying phenotypic diversity among WMAs, as well as among neurons. They also suggest that positional mechanisms are involved in the developmental specification of this heterogeneity within the VZ. Our results argue against the view that astrocyte heterogeneity in the CNS primarily reflects the phenotypic plasticity of such glia, in response to local environmental signals, after they migrate and differentiate. Instead, the data suggest that at least some aspects of astrocyte diversity are prespecified within the germinal zone of the CNS, by mechanisms that are not only analogous to those that specify neuronal identity at earlier stages, but which employ elements of the same transcriptional code. From this perspective, elements of this code can be thought of as coupling the specification of positionally distinct neuronal subtypes, to positionally distinct glial subtypes, a generalization of a concept first established for Olig2 and its role in specifying motoneuron and oligodendrocyte fate (Lu et al., 2002; Zhou and Anderson, 2002; Muroyama et al., 2005) . Our findings open up for future study the function of the astrocyte subtypes we have identified in the spinal cord, as well as the extent to which positional specification mechanisms generate astrocyte diversity in other regions of the CNS. 
FACS and Microarray Experiments
Olig2-GFP-expressing cells were FACS isolated from spinal cords of Olig1,2 +/À and Olig1,2 À/À embryos as previously described (Mukouyama et al., 2006) . RNA was extracted from the isolated cells, amplified, biotinylated, and hybridized to Affymetrix mU74v2 A, B, and C chips . Analysis of microarray data was performed using Affymetrix Microarray Suite and Rosetta Resolver software.
In Situ Hybridization
Nonradioactive in situ hybridization using DIG-labeled (Zhou et al., 2000) or fluorescent probes (Choi et al., 2005) was performed on frozen sections of mouse or chick spinal cord as described. The following probes were used: mouse Reelin (gift of Gabriella D'Arcangelo), mouse Slit1 (gift of Marc Tessier-Lavigne), chick Reelin, and chick Slit1 (gift of Ed Laufer). Antibodies used are listed in Supplemental Data.
Chick Embryo Electroporation
Chick embryos were electroporated at E2 with either RCAS(B) GFP, RCAS(B) Pax6, or RCAS(B) Nkx6.1 replication-competent avian retroviruses using established methods (Zhou et al., 2001 ). The electroporation conditions were 5 square wave pulses of 50 ms duration at 24 V. Embryos were incubated in a humidified 37 C incubator until E12.
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